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Glycopeptide antibiotics (GPAs), like teicoplanin and vancomycin, have been the
first-line treatment for infections caused by Gram-positive multidrug-resistant pathogens.
GPAs appear to be related to ramoplanin-like lipodepsipeptides (LDPs), yet another signi-
ficant class of lipid II binders. Major compounds among LDPs are ramoplanin (the key rep-
resentative), enduracidin, and chersinamycin; each with known biosynthetic gene clusters
(BGCs). Five additional BGCs for the putative LDPs were recently described. LDP BGCs
are poorly investigated; one particular aspect that deserves further investigation is trans-
porters coded within BGCs. These proteins most likely take part in the export of antibiotics
out of the cell, as well as in the producer’s resistance to its own secondary metabolite. In
this work, we performed in silico analysis of genes encoding transporters from ramoplanin
and other LDP BGCs. We investigated the domain architecture of these transporters, dis-
covered their homologues in BGCs from MIBiG and beyond, generated models of second-
ary and tertiary structures, and compared the overall LDP BGCs transport genes blueprint.
We were able to identify previously uncharacterized gene encoding ABC transporter within
ramoplanin BGC — ramo3. Ramo1 and Ramo3 in ramoplanin BGC appear to be paralogues
coding for a permease subunit of the ABC transporter. In every other LDP BGCs, except
for chersinamycin BGC, we found only one corresponding homologue encoding this type
of protein. Similarly, we found that Ramo2 and Ramo23 are also homologous proteins,
which appear to be ATP-binding subunits of the ABC transporter; Ramo2 and Ramo23 have
only one homologue in each other LDP BGCs. Next, we were able to describe Ramo8 as
ATP-binding ABC transporter, containing both ATPase and transmembrane parts, similar to
those encoded in GPA BGCs. For Ramo8, we modelled 3D structure as well as quaternary
structure for homodimer of this protein. Finally, our in silico analysis revealed Ramo31 to be
a proton membrane antiporter, having distant homologue only in chersinamycin BGC; most
likely Ramo31 is not connected to ramoplanin biosynthesis.

Keywords: biosynthetic gene clusters, ramoplanin, membrane transport proteins,
secondary metabolites, soil microorganisms

The fast rise of bacteria resistant to existing antibiotics outpaces the present pipeline of
new drugs, creating a severe danger to our ability to treat infections successfully. In fact, the
antibiotic pipeline is unequipped to deal with the growing bacterial resistance of current antimi-
crobials. For a long time, glycopeptide antibiotics (GPA), teicoplanin and vancomycin particu-
larly, have represented the frontline treatment of infections caused by Gram-positive multidrug-
resistant (MDR) pathogens. The potent action of GPA antibiotics against Gram-positive bacteria
depends on their remarkable ability to disrupt cell wall biosynthesis by specifically binding to
the D-Ala-D-Ala motif of lipid II [34]. However, teicoplanin and vancomycin-resistant strains of
staphylococci and enterococci have continued to emerge in the last decades [30].

Another promising class of antimicrobials are lipodepsipeptides (LDPs), exemplified with
ramoplanin. The latter is produced by a soil-dwelling «rare» actinobacterium Actinoplanes ramo-
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planinifer ATCC 33076. Mode of action of this antibiotic is considered promising for the treatment
of infections caused by Gram-positive MDR pathogens. Ramoplanin inhibits cell wall biosynthe-
sis by binding to the lipid II and consequential inhibition of transglycosylation reactions [31]. The
clinical development of ramoplanin was initially hampered due to its low local tolerability when
injected intravenously. More recently, this LDP has been evaluated to treat Clostridioides difficile
infections since ramoplanin is not-absorbable and achieves high colonic concentrations [25].

Today, except for ramoplanin, chemical structures for only two ramoplanin-like LDPs are
known: enduracidin, which is produced by Streptomyces fungicidicus ATCC 21013 [8], and the
recently discovered chersinamycin, produced by Micromonospora chersina DSM 44151 [23].
In addition, five more biosynthetic gene clusters (BGCs) of potential LDPs have recently been
described in silico [23]. Despite antimicrobial potential of LDPs, corresponding BGCs remain
poorly explored. To date, few aspects of ramoplanin and enduracidin biosynthesis, such as non-ri-
bosomal synthesis of aglycone [10], mannosylation [4], halogenation [15], pathway-specific re-
gulation [5] (only for enduracidin), and some others, have already been studied experimentally.
However, the mechanisms that can potentially ensure the producer’s resistance to its own secon-
dary metabolite have escaped comprehensive elucidation.

Although extracellular lipid II is the most probable target of LDPs, evidence exists that
LDPs can also bind lipid I, inhibiting intracellular lipid II biosynthesis [31]. Hence, intracellular
accumulation of LDPs might be an issue for the producing culture. Transmembrane transporters
encoded within LDP BGCs might contribute to the self-resistance of LDP producers. Some trans-
port proteins have been associated with bacterial self-resistance to synthesized product, such as
DrrA and DrrB in daunorubicin and doxorubicin producer Streptomyces peucetius ATCC 27952
[13]. DrrA and DrrB interact to generate an ATP-dependent efflux pump that transports daunoru-
bicin and doxorubicin out of the cell, thereby conferring resistance [13]. With overexpression of
arrA and arrB, doxorubicin synthesis was increased by a factor of 2,2 [18].

Recently, the features of the distribution, structure and phylogeny of ABC transporters
in GPA and related peptide antibiotics BGCs were investigated [35]. Notably, these transpor-
ters share similarities in their amino acid composition, and categorization as MdIB(MsbA)-like,
characterized by a six-helix N-terminal transmembrane domain [35]. Despite their widespread
presence, experimental investigations into these transporters have primarily focused on tha gene
from the BGC of balhimycin in Amycolatopsis balhimycina DSM 5908. This protein likely func-
tions as a homodimer, and the knockout of the corresponding gene leads to an increased intracel-
lular and decreased extracellular concentration of balhimycin [21].

The ramoplanin BGC was first described in 2005 [24], and after studies of mannosylation
and halogenation of ramoplanin aglycone in 2016 [16, 17], no in silico or in vitro studies of the
functions of the genes responsible for the synthesis of this antibiotic has been performed. Modern
bioinformatics analysis benefits from a broad and constantly growing toolbox of data analysis
resources and algorithmic approaches. Therefore, the purpose of this work was to investigate the
properties of genes and encoded transport proteins in ramoplanin and related LDP BGCs using
contemporary in silico methods. Such an evaluation can reveal new peculiarities of transporters
encoded in ramoplanin and related LDP BGCs. Also, in this work, we offer the detailed descrip-
tion of all genes that code for transport proteins in the ramoplanin BGC, a comparison of the
domain structures of their products, and distribution among other LDP BGCs.

Methods
BGC analysis. For nucleotide and amino acid sequence analysis, the nucleotide sequence
of ramoplanin BGC (DD002243) [24] was used. All other LDP BGCs were obtained from ge-
nome sequences deposited in GenBank or the MIBiG repository under accession numbers:
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VFOEO01000001 (Streptomyces sp. SLBN-134 Ga0314649 11), BGC0000341 (S. fungicidicus
ATCC 21013), NZ KB913037 (Admycolatopsis balhimycina FH 1894), CP016174 (Amycolatop-
sis orientalis B-37), LT629775 (Streptomyces sp. TL1_053), NZ_FMIB01000002 (M. chersina
DSM 44151). Analysis of BGCs was carried out using the AntiSMASH 6.0.1 [1] and Geneious
4.8.5 [14] software.

Search for homologous proteins. A search for homologues of all genes encoding transport
proteins of the ramoplanin BGC was conducted using the MIBiG repository [20] and the Protein
BLAST [27]. The search for homologous proteins encoded in known LDP BGCs was performed
using the built-in algorithm in the Geneious 4.8.5 software.

Predicting the domain organization of exporter proteins and modeling their location in
the cell membrane. The presence of conservative domains was determined using CD-search al-
gorithm from NCBI [17]. The transmembrane o-helices within the amino acid sequences of ABC
transporters were identified using the TMHMM 2.0 software [16]. Subsequently, the two-dimen-
sional topology of these transporters relative to the cytoplasmic membrane was reconstructed
using TMRPres2D [29].

Modeling of the tertiary and quaternary structure of the ABC transporter Ramo8. The
tertiary structure of Ramo8 was modeled based on of the experimentally determined crystal struc-
ture of the ABC transporter 9ACTN from Streptomyces sp SLBN-134 using the Swiss-mode
server [32]. To model the quaternary structure — the Ramo8 homodimer — AlphaFold2-based
prediction and visualization of secondary and 3D structures of proteins were used [26—28]. The
best model according to AlphaFold2, was visualized using Mol* Viewer [28].

Results and Discussion

We began by in silico searching for genes encoding transport proteins in ramoplanin BGC.
In addition to the previously identified in silico putative transport protein genes — ramol, ramo2,
ramo8, ramo23, and ramo31 [6, 7, 17] — we discovered one more gene with a similar function
in ramoplanin BGC, namely, ramo3. The literature lacks detailed functional characterization of
these genes; however, given the domain structure of their products and similarity to ABC trans-
porters, it is likely that they play a role in ramoplanin export. With these prerequisites, we will
further describe the above-mentioned probable transporter genes, the domain structures of their
encoded proteins, the homologous proteins found in MIBiG and using BLAST search, and, in
particular, homologues found in other LDP BGCs using Geneiuos 4.8.5. This information, along
with amino acid sequence identity (a.s.i,) to transporter proteins from ramoplanin BGC, is sum-
marized in Table 1 and Table 2.

The ramol gene is 1002 bp long (the product is 333 aa). The protein encoded by this gene
contains the ABC-2 transporter permease domain (75-198 aa, Fig. 1). The most similar described
protein in the MIBiG database is the transmembrane transport protein from the BGC of dyne-
micin in M. chersina (64 % a.s.i., 331 aa), and the closest homologue we found using the BLAST
algorithm is the permease subunit of the ABC transporter in S. vitiensis (WP_018215178, 81 %
a.s.i., 336 aa). According to the AntiSMASH analysis of S. vitiensis genome sequence (GenBank
NZ KB900388), no secondary metabolite BGCs are detected in this region (Table 2).

We found six similar gene products in the BGCs of LDP: TQL19422 (50,3 % a.s.i.)
from Streptomyces sp. SLBN-134 Ga0314649 11, ABD65951 (50,0 % a.s.i.) from S. fungici-
dicus ATCC 21013, ctgl 5219 (48,8 % a.s.i.) from Am. balhimycina FH 1894, WP 037306103
(48,2 % a.s.i.) from Am. orientalis DSM 40040/KCTC 9412, ANN17109 (47,6 % a.s.i.) from Am.
orientalis B-37, and SDT44233 (43,5 % a.s.i.) from Streptomyces sp. TLI_053. It is worth noting
that no such protein was discovered in chersinamycin BGC (Table 1).
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Table 2

Homologues of ramoplanin BGC transporter proteins found
in MIBIG repository and using the BLAST search

Protein Homol
omologue
encoded in | Homologue . . g GenBank accession number,
. . MIBiG BGC, organism found using .
ramoplanin | from MIBiG organism
BGC BLAST
Ramol ACB47084  dynemicin, BGC0001060, WP 018215178 NZ KB900388, Salinispora
(64% a.s.i.) M. chersina 81% a.s.i.) vitiensis
ACB47083 ici
Ramo? . dynemicin, BGC0001060, WPJ{) 1 8215.179 NZ_KB900388, S, vitiensis
(77% a.s.i.) M. chersina (89% a.s.i.)
ACB47082 dynemicin, BGC0001060, WP_223874070 L
Ramo3 (71% a.s.i.) M. chersina (83% a.s.i.) NZ_KB900388, 5. vitiensis
Ramo8 ABDG65953  enduracidin, BGC0000341, WP_107078706 NZ_MUYZ00000000,
,5% a.s.i. . fungicidicus 0 a.s.1. icromonospora sp.
(72,5% a.s.i.) S. fungicidi (78% a.s.i.) Mi MH33
Ramo23 ACB47083  dynemicin, BGC0001060, WP_254341048  NZ_JANAVK000000000,
(59% a.s.i.) M. chersina (60% a.s.i.)  Micromonospora sp. A3M-1-15
tiacumicin B,
Ramo31 ADUS86006 DaliGl(o:gog;(’)al;fSi;m WP 203777073 NZ _BOMI01000186,
(82% a.s.i.) ty P s (81% a.s.i.) Actinoplanes deccanensis
aurantiacum subsp.
hamdenensis

Proteins of this type are typically one of the components of transport complexes of the
ABC-2 type, which facilitate ATP-mediated transport of one or more diverse substrates. Well-
known examples of such proteins include CcmB, responsible for transporting haeme in Escheri-
chia coli and Mycobacterium tuberculosis, or DrrB in the doxorubicin producer S. peucetius [3].

Based on previous reports, ramo?2 is predicted to code for an ATP-binding subunit of the
ABC transporter complex [10]. The 915 bp coding sequence of this gene translates into a 304 aa
polypeptide. In the MIBiG database, the most similar protein is also from the BGC of dynemicin,
namely ACB47083 (77 % a.s.i., 305 aa). According to BLAST results, a similar protein is present
in the genome of S. vitiensis (WP_018215179, 89 % a.s.i., 304 aa). The gene encoding this pro-
tein in S. vitiensis genome is located alongside the gene encoding Ramol homologue and is also
not a part of any secondary metabolite BGC. Homologues are present in all LDP BGCs (Table 1).

The ATP-binding subunit of the ABC transporter protein has no transmembrane regions
and operates by a mechanism that enables movement across membranes of almost any type of
molecule, from large polypeptides to small ions. It can use a large number of other proteins as me-
diators [9]. Thus, a particular ABC-ATPase evolved specifically to function in complex with its
cognate membrane protein. Together, they form a transport pathway necessary for the transport of
a specific type of molecule, or in the case of some ABC transporters, multiple types of molecules.
Specific transport molecules possess recognition motifs that allow them to bind selectively to
their cognate transporters. Binding triggers conformational changes in the transporter, activating
the ATPase activity and initiating the appropriate transport pathway for the bound substrate [11].
Ramo? is most likely an ABC-ATPase capable of establishing one transport mechanism with a
membrane transport protein; however, the precise function of such a protein in ramoplanin bio-
synthesis remains unknown.

We discovered a previously unidentified gene encoding an ABC transporter within ramo-
planin BGC — ramo3. The nucleotide sequence of ramo3 (1011 bp) codes for a protein with 54 %
a.s.i. to Ramol. Accordingly, the products of these genes both have six transmembrane a-helices
and the ABC-2 transporter permease domain (Fig. 1, the ABC-2 domain is marked in green).
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Fig. 1. Secondary structure of ABC transporters Ramol (336 aa) and Ramo3 (321 aa). Prediction of
transmembrane o-helices and placement of proteins in the cell membrane was carried out as
described in Methods section. The ABC-2 domain of Ramol (75-198 aa) and Ramo3 (70-201 aa)
is marked in green

As summarized in Table 2, the closest hit in the MIBiG database is the protein from the
dynemicin BGC ACB47082 (71 % a.s.i., 339 aa). The closest homologue found using the BLAST
algorithm is the protein WP_223874070 in S. vitiensis (83 % a.s.i., 336 aa), located not in secon-
dary metabolite BGC. Analyzing Table 1, we can conclude that except for chersinamycin, all
the other LDP BGCs contain only one homologue to both Ramo1 and Ramo3. Six similar gene
products in the BGCs of LDP with a.s.i. percentage are listed: WP_037306103 (58,3 % a.s.i.)
from Am. orientalis DSM 40040/KCTC 9412, ctgl 5219 (58,2 % a.s.i.) from Am. balhimycina
FH 1894, ANN17109 (57,7 % a.s.i.) from Am. orientalis B-37, TQL19422 (56,3 % a.s.i.) from
Streptomyces sp. SLBN-134 Ga0314649 11, ABD65951 (56,0 % a.s.i.) from S. fungicidicus
ATCC 21013, and SDT44233 (44,0 % a.s.i.) from Streptomyces sp. TLI 053.

The ramo8 gene (1923 bp long) codes for the most similar protein to the typical ABC
transporters present in GPA BGCs. This gene product contains the MdIB (MsbA) superfamily
domain, characterizing this protein as an ATP-binding ABC transporter containing both ATPase
and transmembrane parts. The presence of this domain characterizes this protein as a probable
component of the antibiotic transport system [35]. Genes encoding exporter proteins with the
described structure are present in all sequenced glycopeptide BGC [6].

As seen in Table 2, in the MIBiG database, the greatest similarity of Ramo8 was found
with the ABC transporter present in the BGC of enduracidin (ABD65953, 651 aa, 72,5 % a.s.i.).
The most similar ABC transporter found using BLAST belongs to Micromonospora sp. MH33
(WP_107078706, 642 aa, 78 % a.s.i.). In this region of the Micromonospora genome, AntiSMASH
annotates possible BGC for type III polyketide synthase metabolite. Homologous proteins are also
present in all other LDP BGCs (Table 1): WP_091321314 (77,3 % a.s.i.) from M. chersina DSM
44151, WP_037306101 (73,7 % a.s.i.) from Am. orientalis DSM 40040/KCTC 9412, ANN21821
(73,7 % a.s.i.) from Am. orientalis B-37, ctgl 5221 (74,4 % a.s.i.) from Am. balhimycina FH
1894, TQL19420 (72,5 % a.s.i.) from Streptomyces sp. SLBN-134 Ga0314649 11, and SDT44201
(63,3 % ide a.s.i.) from Streptomyces sp. TLI 053. For comparison, we also chose previously de-
scribed [35] ABC transporter encoded in teicoplanin BGC Tei4*, which has 54,3 % a.s.i. to Ramo8.

The secondary structure of Ramo8, ABD65953, WP_091321314, PSK62646, and Tei4*
ABC transporters with color-coded functional motifs is shown in Fig. 2. The C-terminal ATPase
domains have a complete set of motifs [33] necessary for their functioning, these include the
Walker motif A (P-loop), the Q-loop, the Walker motif B, the D-loop, the H-loop, and the signa-
ture motif of the ABC transporter [35].
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Fig. 2. Secondary structure of ABC transporters Ramo8, ABD65953, WP (091321314, PSK62646, and
Tei4*. Prediction of transmembrane a-helices and placement of proteins in the cell membrane was
carried out as described in Methods section. Colors indicate C-terminal functional motifs (see the

legend to the figure)
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It is interesting to note that almost all ABC transporters encoded in the glycopeptide
antibiotics BGCs have an N-terminal transmembrane domain with six o-helices, in contrast to
the ABC transporter encoded in the ramoplanin BGC, which, according to the prediction of the
secondary structure, has a transmembrane domain consisting of five a-helices (the region corres-
ponding to the fourth transmembrane a-helix is missing). Corresponding ABC transporters en-
coded in chersinamycin and enduracidin BGCs have six a-helices. This arrangement of a-helices
in Ramo8 can be explained by the inaccuracy of the construction of the secondary structure
model. When constructing the 3D model of Ramo8, the third and fourth a-helices are formed but
do not cross the membrane completely (Fig. 3). They can form a kind of «anchor», which may be
important for stabilizing the protein structure in the membrane.

Fig. 3. Model of the tertiary structure of the ABC transporter Ramo8. The tertiary structure of
Ramo8 was modeled based on the experimentally established crystal structure of the ABC
transporter 9ACTN from Streptomyces sp SLBN-134 using the Swiss-mode server [32].
Elements of secondary structures are highlighted in colors
Based on the observed homodimer behavior of many ABC transporters [21], we constructed

a homodimer model for Ramo8. AlphaFold2 analysis reveals a highly plausible homodimeric archi-

tecture for Ramo8, characterized by precise positioning of all transmembrane a-helices and critical

components within the C-terminal ATPase domain active site (Fig. 4). The quaternary structure of

Ramog, as illustrated in Fig. 4, conforms to the characteristic features of ABC exporters. They are

homodimers, each transmembrane domain contains six transmembrane a-helices [36].

The ramo23 (930 bp) gene codes for the ATP-binding subunit of the ABC transporter,
as discovered previously in silico [23]. The product of the ramo23 gene contains the CcmA do-
main, which is also observed in Ramo2. As summarized in Table 2, the most similar described
protein in the MIBiG database is the ATP-binding subunit of the ABC transporter encoded in the
BGC of dynemicin in M. chersina (59 % a.s.i.). The closest homologue found by the BLAST
algorithm is the ATP-binding subunit of the ABC transporter in Micromonospora sp. A3M-1-
15 (WP_254341048, 60 % a.s.i.). The gene for this transporter is not located in any secondary
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metabolite BGC. The exact functions of these transporter proteins are not known, but it is most
likely that they participate in the transport of substances through the membrane in a complex with
a membrane protein.

Fig. 4. Model of the quaternary structure of the ABC transporter Ramo8. The model was built using the

AlphaFold2 service [12]. Structural elements are highlighted in colors (see the legend to the figure)

The Ramo23 shares 59,9 % a.s.i. to Ramo2. Correspondingly, in each LDP BGCs, there is
one gene encoding homologue of both Ramo23 and Ramo2.

The last gene encoding a transport protein in the ramoplanin BGC is ramo31 (1290 bp).
The in silico predicted product of this gene is a proton membrane antiporter. The most similar
described protein in the MIBiG database is a membrane antiporter protein encoded in tiacumicin
B BGC in D. aurantiacum subsp. hamdenensis (82 % a.s.i.), and the closest homologue found by
the BLAST algorithm is a proton antiporter in 4. deccanensis (81 % a.s.i.), which gene is located
in tiacumicin-like BGC (see Table 2).

Ramo31 contains the domain of the PLN03159 superfamily, characterized by the CD-
search algorithm as a cation-proton antiporter that performs the functions of maintaining cation
homeostasis and cell pH. Among all LDP BGCs, only chersinamycin BGC encodes a homolo-
gous protein WP_091305532 with 34,8 % a.s.i. to Ramo31 (Table 1). The secondary structures of
mentioned proteins are shown in Fig. 5.
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Fig. 5. Secondary structure of antiporter proteins Ramo31 (429 aa), WP_091305532 (M. chersina,
453 aa), ADU8S6006. (D. aurantiacum subsp. hamdenensis, 428 aa). The prediction
of transmembrane o-helices and the localization of proteins in the cell membrane was
performed as described in Materials section

The structure of the above-mentioned proteins is partially different. Ramo31 has 13 trans-
membrane o-helices, WP_091305532 has 12 transmembrane a-helices, and ADU86006 has 11
transmembrane a-helices. In addition to the PLN03159 superfamily domain, Ramo31 also con-
tains KefB domains (typical for the potassium ion transport system described in E. coli, involved
in the transport and metabolism of inorganic ions) and the Na*-H* exchanger domain cl01133.
The canonical E. coli KefB protein has a structure similar to Ramo31, with 13 transmembrane
a-helices, but is characterized by the presence of the PRK03659 superfamily domain instead of
PLNO03159. The PRK03659 domain is typical for proteins responsible for potassium exchange
and is regulated by glutathione adducts, leading to transient acidification of the cytoplasm [2].

The ramo31 gene product appears to be involved in cation transport and the regulation of
homeostasis and pH. However, whether this protein is directly related to ramoplanin biosynthesis
and whether its inclusion in the ramoplanin BGC is warranted remains to be determined.

Analysis of LDP BGCs reveals a single gene encoding a protein homologous to ramol and
ramo3 products in all cases, except for chersinamycin BGC, which does encode a similar protein
at all (Fig. 6).

From Fig. 6 we can also conclude that there is only one corresponding protein homologous
to the ramo2 and ramo23 gene products in all LDP BGCs. All BGCs, except for chersinamycin,
also lack a homologue of the proton membrane antiporter encoded by the ramo31 gene.

It is intriguing to consider that some gene products in the ramoplanin biosynthetic path-
way might not be directly involved in the final product export, but their contributions to other
vital processes are likely significant.

In all LDP BGCs, except for ramoplanin BGC, only one gene encoding ATP-binding sub-
unit and one gene for permease subunit of the ABC transporter are present. In these BGCs, the
corresponding genes are located side by side, and corresponding proteins likely form one trans-
port system, although the substrate of this system in unclear. This is why it is difficult to explain
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the presence of the two genes for ATP-binding subunit and two for permease subunit in ramo-
planin in BGC. It is possible that one functional pair is not essential for antibiotic export.

Fig. 6. Schematic arrangement of genes encoding transport proteins in LDP BGCs. Different types of
transport proteins are indicated by colors (see the legend to the figure)

The precise explanation for this phenomenon is yet to be determined, but the chersinamycin
BGC lacks the gene encoding the permease subunit, although it possesses a gene for the ATP-
binding subunit of the ABC transporter. We did not find a corresponding gene for the permease
subunit of the ABC transporter in the genomic region near chersinamycin BGC either.

The Ramo31 homologue is present only in chersinamycin BGC with low percentage of
a.s.i. (34,8 %). Also, considering the probable function and location of the genes encoding these
transport proteins on the edges of both BGCs, we can assume that they do not participate in the
export of the corresponding antibiotics.

On the contrary, the observed features of Ramo8, including its potential for homodimeri-
zation, suggest it plays a crucial role in ramoplanin transport, likely acting as a key component of
the antibiotic’s export system across the cell membrane.
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MOPIBHSJIBHUM IN SILICO AHAJI3 BLJIKIB-TPAHCIIOPTEPIB,
3AKOJOBAHHUX Y KJIACTEPAX BIOCUHTETUYHHUX 'EHIB
PAMOIIJIAHIHY TA CHIOPITHEHUX AHTUBIOTHUKIB

K. ’Kykposcbka, B. ®egopenko*

Jlveiecorutl nayionanvuull yHieepcumem imeni Isana @panxa
syn. I pywescvroeo, 4, JIvsie 79005, Vkpaina
e-mail: viktor.fedorenko@Inu.edu.ua

Imikonenrtunai anTHOioTHKHN (['TIA), Taki SK TEHKOILIAHIH 1 BAaHKOMILIUH, € OHH-
MH 3 IIpernapariB MepIoi JiHil s JTiKyBaHHS 1H(EKLiH, CIPHYMHEHUX TPAMIIO3UTHBHUMH
MIKpOOpraHi3MaMH, CTIHKUMH JI0 Pi3HUX JIiKapchkuX 3aco0iB. ['TIA moB’s3aHi 3 mimozer-
cunentugamu (JIJIIT), mie ogHUM BaXKJIMBHM KJIACOM aHTHUOIOTHKIB, 3IATHUX 3B’S3yBaTH
mimiz II. OcHOBHMMY cTIOyKaMmH, 10 Hanexarts 1o rpymu JIIII, € pamomnanin (KiIroqoBHi
MPEACTaBHHUK), CHIYPAIUANH 1 YepcuHaMinyH. [ nuxX aHTHOI0THKIB BiIOMi KilacTepu 0io-
cunretnynux reHiB (KBI'), mo koayroTs ixHilt 6GiocuHTe3. HemonasHo Oyno omucaHo 1’ ATh
nonatkoBux KBTI, siki komyrots iMoBipai JIAIT. KBI' JIAIT HemocTaTHRO JOCHTIKEH]; OJHIM
i3 aCTeKTiB, SKi TOTPEOYIOTh MOJANBIIOTO BUBUCHHS, € OLIKA-TPAHCIIOPTEPH, 3aKOJJOBaHI B
mexxax nux KBI. Li 6imku, ckopimn 3a Bce, OepyTh Y4acTh B €KCIOPTi aHTHOIOTHKIB 13 KITi-
THHH, a TAKOXK Y 3a0e3MeUeHH] CTIHKOCTI MPOIYIIEHTA IO BIACHOTO BTOPUHHOTO METa0OJIITy.
V wiif po6oTi Mu npoBenu in silico aHaNi3 TeHiB, SKi KOAYIOTh TpaHcHopTepH, B Mexax KBI'
pamomuaniny # iHmux JIJIIT. Mu gocmiaumm JoOMEeHHY apXiTeKTypy IUX TPaHCTIOPTHUX Oii-
KiB, BusiBIIH ixHI romonoru B KBI, nenonosani y perno3uropii MIBiG Ta 3a iforo Mexxamu,
CTBOPHJIM MOZENI BTOPHHHHX 1 TPETUHHUX CTPYKTYp, 1 MOPIBHSUIM PO3TAIIyBaHHS TpaH-
cnoptaux reHiB y KBI' JI/II1. Ham Boanocs ineHTH(iKyBaTH paHille HeoXapaKTepH30BaHUI
reH, mo koxye ABC-tpancrioprep y KBI' pamorutaniny — ramo3. Ramol i Ramo3 y KBI'
paMOIUTaHiHY € IapanoraMy, o KOAYIOTh epMeasHy cyboxnauiro ABC-tpancmoprepa. ¥
Beix iHmmx KBI™ JIJIL, okpim KBI™ uepcuraMitmAy, MA 3HAWIDIA TUTHKH OAWH BiIIOBITHUI
TOMOJIOT, SIKUH KoAye 1eit Tum Oinka. [logiOHMM YnHOM MU BUSBIUTH, 0 Ramo2 i Ramo23
TaKoX € TOMOJIOTIYHHMH OiNIKamu, siki, HaliMoBipHinte, € AT®-3B’s13ytounmu cyOOnnHH-
samMu ABC-tpancnioprepa; Ramo2 i Ramo23 maroTs iuire o ogHOMY TOMOJIOTY B IHIITHX
KBI' JIII. Mu ommcamu Ramo8 sk AT®-38’s13yrouniit ABC-Tpancnoprep, Mo MiCTHTH SIK
AT®da3ny, Tak i TpaHCMEMOpaHHY YaCTHHH, 1 BUSBIISE CXOXKICTh 0 TPAHCIIOPTEPIB, IO KO-
nytotbest B KBI™ I'TIA. [l Ramo8 mu 3MonentoBaiv TpEeTUHHY CTPYKTYpPY MOHOMepa, a
TaKOXX YEeTBEPTHHHY CTPYKTypy TrOMoxuMepa Iboro Oinka. Takoxk aHami3 in silico BUSBUB,
mo Ramo31 € mpoToHHEM MeMOpaHHUM AaHTHIOPTEPOM, BiNANEHHI TOMOJIOT SKOTO 3a-
kopoBanuii nume B KBI' depcuHaMiliuHy Ta, CKOpIlI 3a Bce, el OLI0OK He TOB’sI3aHuH 13
010CHHTE30M paMOILIAHIHY.

Kniouoei cnosa: xnactepu 0OI0CHHTETHYHHX T'€HIB, paMOIUIaHiH, MeMOpaHHI TpaH-
CHOpPTHI O1IKK, BTOPUHHI METa0OMITH, TPYHTOBI MIKPOOPTaHi3MHU



